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THE  PROBLEM 

To  present  data  and  discuss  the  problem  of  control  of  carbon  dioxide  in  the  sub* 
marine  atmosphere,  especially  concerning  the  use  of  amine  buffers  for  the  control  of 
this  problem. 

FINDINGS 

In  World  War  II,  when  no  adequate  CO2  removal  equipment  existed,  concentra¬ 
tions  of  8-5%  had  to  be  tolerated  over  extended  periods.  Attempts  to  remedy  the 
situation  by  using  alkaline  buffers  were  made  and  found  helpful  only  in  alleviating 
symptoncfs.  ;  related  to  the  pH  changes  ..  of  .the  Juncpnipensated  phase  0^  respiratory  acz 
idosis.  Results  of  prolonged  exposure  to  1.6%  COo '"{for  periods  of  ^42  days  'as  'iri 
Operation  Hideout)  demonstrated  that  the  elevated  pCOa  persisting  during  the  com¬ 
pensated  phase  of  respiratory  acidosis  has  significant  effects  on  a  number  of  physio¬ 
logical  functions,  independent  of  pH,  and  this  condition  is  not  amenable  to  treatment 
by  amine  buffers.  .  . 
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APPLICATION  . . .  .  . . 

The  use  of  nuclear-powered  submarines  capable  of  greatly  extended  periods  of 
submergence  requires  a  solution  to  the  carbon  dioxide  problem.  The  results  of  this 
study  will  contribute  to  effective  control  of  this  situation. 
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London,  Groton,  Conn. 

This  report  deals  with  the  use  of  amine  buffers  in  the  CO2  scrubber  of  sub¬ 
marines  and  the  problems  of  chronic  CO2  toxicity  as  they  relate  to  treatment 
with  buffers.  I  propose  to  discuss  the  CO2  control  of  the  submarine  atmos¬ 
phere  very  briefly,  since  I  can  only  provide  some  general  information  on  this 
subject  based  on  the  work  of  engineers  at  the  Naval  Research  Laboratory, 
Washington,  D.C.  I  shall  present  data  on  the  homeostasis  of  pH.  and  ^C02 
obtained  during  the  prolonged  exposure  of  23  subjects  to  1.5  per  cent  CO2  that 
indicate  the  effects  of  elevated  pCOi  independent  of  pH  changes.  Only  the 
latter  are  subject  to  treatment  with  amine  buffers.  Moreover  I  shall  mention 
earlier  attempts  to  use  alkaliniaing  agents,  such  as  potassium  salt,  to  increase 
the  tolerance  to  hypercapnia. 

Almospheric  Control  'ivith  CO^  Scrubbers  Using  Amine  Buffers 

Chronic  COj  toxicity  is  known  to  have  been  a  cardinal  problem  of  submarine 
medicine  .for  many  years,  simply  because  no  technical  advances  were  made  to 
develop  efficient  self-regulating  CO2  removal  equipment.  With  the  advent  of 
nuclear-powered  submarines  capable  of  greatly  extended  submergence  times, 
it  w'as  necessary  to  find  a  solution.  The  introduction  of  a  CO2  scrubber  using 
monoethanolamine  represented  the  first  satisfactory  accomplishment  to  remove 
CO2  with  self-regenerating  absorbent.  Monoethanolamine  (MEA)  absorbs 
CO2  at  room  temperature  and  releases  it  at  higher  temperature.  A  simplified 
diagram  of  the  amine- type  CO2  removal  equipment  is  presented  in  figure  1. 
It  consists  of  an  absorber  column,  a  CO2  stripper,  an  amine  pump,  and  a  heat 
exchanger.  The  submarine  air  is  pumped  through  a  cool  MEA  solution  in  the 
absorber  column  and  CO2  is  chemically  absorbed.  The  MEA  solution  is 
recycled  through  the  absorber  column.  Part  of  the  MEA  solution  is  piped  to 
the  CO2  stripper,  where  it  is  heated  under  pressure  to  release  the  CO2 .  The 
latter  is  further  compressed  and  discharged  overboard.  The  hot  MEA  is 
cooled  and  used  again  in  the  absorber.  The  CO2  scrubbers  presently  in  opera¬ 
tion  have  a  capacity  to  remove  10  lb.  of  C02/hour  while  operating  at  170  c.f.m. 

Figure  2  shows  a  comparison  of  a  conventional  lithium  hydroxide  (LiOH) 
.scrubber  used  on  battery-pwwered  submarines  with  an  MEA  system  in  regard 
to  weight,  volume,  and  power  requirements.  It  is  obvious  that  the  LiOH 
system  has  an  advantage  for  short  periods  up  to  10  days.  For  the  longer 
periods,  the  MEA  scrubber  is  of  course  the  belter  choice. 

According  to  Goodridge,^  it  is  believed  that  mono-  and  diethanolamines 
react  with  CO2  by  donating  an  electron  of  a  hydrogen  molecule  from  the  amine 
linkage  and  formation  of  carbonates.  Since  the  molecular  weight  of  mono- 
cthanolaminc  is  much  smaller  than  that  of  diethanolamine  and  triethanolamine 


401 


402 


Annals  New  York  Academy  of  Sciences 

THE  CO2  REMOVAL  PLANT-AMINE  TYPE 

SIMPLIFIED  FLOW  DIAGRAM 


ABSORBER 


COj 

OVtRBOARD 


AMINE  PUMP 


/www-j —  tLICIftIC 
-  HEAT(R 


CO2  STRIPPER 


2  MEAEHzOtCOi^^^MEAJj  -HjCOj 


Figure  1.  Diagram  of  an  amine-type  COj  scrul)l)cr.  (Repvotluced  by  permission  of 
The  Macmillan  Co,,  New  V’orlc,  N.Y.*) 


SYSTEM  CHARACTERISTICS  OF  MEA  SCRUBBER  AND  LiOH 

(botad  on  100  man) 


POWER 
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1 

1  IrOH 

L 

Figure  2.  Weight,  volume,  and  power  requirements  of  MEA  and  LiOH  CO2  scrubbers 
calculated  for  100  men.  (Reproduced  by  permission  of  The  Macmillan  Co.,  New  York,  N.Y.’) 
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and  only  1  mol.  of  amine  is  utilized  per  molecule  of  CO2  reacted,  the  relative 
absorption  capacity  of  CO2  per  pound  is  much  greater  for  MEA  (1.0: 0.58: 0.41). 
MEA  leaves  something  to  be  desired  as  a  regenerative  carbon  dio.icide  absorbent. 
It  has  a  lack  of  resistance  to  oxidation  that  in  time  leads  to  a  degradation  of 
the  MEA  solution  requiring  replacement.  Furthermore,  MEA  has  a  certain 
toxicity.  The  current  maximal  allowable  concentration  (MAC)  established 
by  the  Bureau  of  Medicine  and  Surgery  for  the  United  States  Navy  is  1  ppm.* 

Blood  pH  aitd  pCOi  Homeostasis  During  Prolonged  Exposure  to 
Increased  COi  Levels 

In  World  War  II,  when  no  adequate  CO2  removal  equipment  existed  in 
submarines  to  allow  prolonged  submergences,  CO2  concentrations  of  3  to  5 
per  cent  had  to  be  tolerated  over  extended  periods.  It  was  during  this  time 
that  interest  was  developed  in  using  alkali  buffers  to  make  men  CO2  resistant 
and,  eventually,  to  raise  the  tolerance  to  CO2  in  submarine  crews.  These 
early  attempts  to  treat  respiratory  acidosis  with  Na  and  K  buffers  will  be 
discussed  later.  I  shall  concentrate  first  on  tlie  results  of  studies  that  produced 
evidence  that  the  effects  of  increased  ^C02  independent  of  changes  are 
significant.  In  emphasizing  the  aspects  of  pCOz  homeostasis,  which  is  not 
influenced  by  alkali  or  Tris  buffer  medication,  it  is  hoped  that  a  useful  contribu¬ 
tion  may  be  made  to  define  the  limitations  and  indications  for  the  use  of  Tris 
buffer  in  respiratory  acidosis. 

In  a  large  experiment  23  subjects  were  confined  in  a  submarine  and  e.xposed 
to  1.5  per  cent  CO2  in  21  per  cent  O2  over  a  period  of  42  days,  with  a  9-day 
control  period  prior  to  and  following  exposure.  The  results  showed  no  signifi¬ 
cant  changes  in  performance^  or  in  basic  physiological  parameters,  such  as 
blood  pressure,  pulse  rate,  weight,  and  body  temperature  (figuke  3).  How¬ 
ever,  studies  of  respiration,'*  acid-base  balance,  and  electrolyte  exchange^ 
brought  some  unexpected  findings,  A  slight  uncompensated  respiratory 
acidosis  existed  for  a  period  of  23  days  after  which  the  pK  returned  to  normal. 
During  a  9-day  recovery  period  following  a  42-day  exposure  to  1.5  per  cent 
CO2  the  alveolar  PCO2 ,  blood  ^C02  remained  elevated  at  the  level  reached 
during  exposure.  The  existence  of  a  phase  of  uncompensated  respiratory 
acidosis  for  23  days  followed  by  a  phase  of  compensated  respiratory  acidosis 
from  the  24th  to  the  42nd  .day  is  indicated  in  figure  4  in  the  changes  of 
of  blood  and  urine,  and  CO2  excretion  in  the  urine.  Moreover  a  significant 
depression  of  the  respiratory  response  to  5  per  cent  CO2 ,  previously  described 
as  part  of  a  respiratory  adaptation  to  CO2 was  found  after  35  days  of  exposure 
to  1.5  per  cent  CO2  (figure  3).  The  central  importance  of  the  rc.spiratory 
pattern  in  adaptation  to  C02^  was  demonstrated  in  a  progressive  increase  in 
tidal  volume  throughout  the  42  days  of  e.xposure  and  a  decline  of  respiratory 
rate  during  tlie  second  phase  subsec[ucnt  to  a  transient  increase  during  the 
first  (uncompensated)  phase  of  respiratory  acidosis.  This  pattern  of  respira¬ 
tion  is  so  strongly  established  at  the  end  of  a  42-day  exposure  to  1.5  per  cent 
CO2  that  transition  to  air  is  not  able  to  bring  it  back  to  normal.  Contrary 

*  K.  Ramskill,  Naval  Research  I.aboriUory,  Washington,  D.C.  Personal  coinnnmica- 
lion. 
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Figure  3.  Effect  of  prolonged  exposure  to  1.5  per  cent  COa  over  a  period  of  42  days  on 
systolic  and  diastolic  blood  pressure,  pulse  rate,  body  weight,  and  oral  temperature  (mean 
values  of  23  subjects).  {Reproduced  by  permission  of  Aerospace  Medicim.) 


to  exnect  and /iCOi  Homeostasis  405 

•'0  expectation  a  furtK  ^ 

level  is  maintained  at  an  occurs,  and  the  alveolar  *CO. 

(figure  6).  We  therefore  ^  breathing 

respiratory  acidosis  from  the  ‘^1’^  compensated  phase  of 

the  9-day  recovery  period  on  exposure;  and  (2) 

IS  practically  normal  and  the  Irn 

are  limited  to  the  first  23  d-,,  elevated,  while  the  blood  pH  changes 

It  therefore  appears  no  'w  ^^P^s^re.  ^ 

influenced  by  the  pH  change!"  functions  that  are  particularly 

ges  of  the  blood  from  those  that  seem  to  be  effected 
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rate  was  coumed  immediately  afler  llie  test,  and  2  min.  later.  (Cardiovascular 
score  was  computetl  as  follows: 

15  sec.  to  20  sec.  pulse  rate  plus 

(1  min.  4.5  sec.  to  2  min.  15  sec.  pulse  rate) 

It  can  be  noted  that  the  cardiovascular  .score  incrca.scs  throughout  the  cxjxjsurc 
to  CO.. ,  indicating  a  rcduclion  in  cardiovascular  capacity.  'J’he  c.ttrdiovascular 
score  c.outimies  lo  ri.se  after  the  compensation  of  respiratory  acido.sis  is  reached. 


As  a  measure  of  the  stress  of  CO2  exposure,  the  ketosteroid  excretion”  was 
measured  and  found  higher  in  the  compensated  phase  of  respiratory  acidosis. 
The  eosinophils  also  began  to  fall  during  this  second  phase,  reaching  the  lowest 
value  during  the  9-day  recovery  period.”  It  could  be  argued  that  the  factor 
of  confinement  might  have  caused  these  effects,  rather  than  the  elevated  ^COs 
levels.  However,  the  results  of  animal  experiments  carried  out  simultaneously 
under  the  .same  conditions  of  exposure  to  1.5  per  cent  CO2  on  rats  and  guinea 
pigs  showed  similar  findings,  a  significant  increase  in  adrenal-cortical  activity 
during  the  same  two  periods  in  which  the  pH  was  not  different  frorn  control 
levels  and  the  /iCOj  elevated.^” 
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EJfecls  of  Alkalinizing  Agents  in  Chronic  Respiratory  Acidosis  Induced 
by  Prolonged  Exposure  to  2  to  3.5  per  cent  COt 

These  experiments  were  carried  out  by  R.  Pointner.“  Some  of  these  data 
on  individual  subjects  were  summarized  and  statistically  evaluated,  and  are 
reported  here.  The  subjects  were  exposed  for  4  days  to  2  to  3.5  per  cent  carbon 
dioxide.  There  was  a  control  period  on  air  lasting  for  2  to  3  days  prior  to 
exposure,  and  a  3-day  recovery  period  on  air  following  exposure.  Measure¬ 
ments  were  made  during  these  3  periods  of  urinary  pU.  and  of  excretion  of  COj 
and  ammonia;  determinations  were  also  made  of  intake  and  excretion  of  sodium, 
potassium,  chloride,  phosphorus,  calcium,  and  water. 

Table  1  shows  the  effects  of  these  alkalinizing  agents  on  urinary  ^H,  CO2 , 
and  ammonia  excretion  prior,  during,  and  after  chronic  respiratory  acidosis 


Table  1  * 

Effect  of  Alkalinizing  ACENTsf  on  Urinary  pH,  COt,  and  Ammonia  Excretion  Prior, 
During,  and  After  Chronic  Respiratory  Acidosis  {Four  Subjects) 


1  COi  (total)  gm. 

1  Ammonia 

— 

Ka  salt 

K  salt 

— 

Nasatt 

K  salt 

B 

N'a  salt| 

K  salt 

Control  period  on  air 

Mean  ! 

6.36 

6.2s 

6.30 

5.95 

6.4 

13.5 

623 

663 

555 

2  to  3  days 

SD 

0.17] 

0.07 

0.42 

1.2 

0.36 

I  13.3 

64 

109.5 

48.  S 

N 

4 

2 

2 

4 

2 

2 

4 

2 

2 

Exposure  to  2  to  3.3%! 

Mean 

6.14 

6.81t 

6.90 

7.7 

38. 7§ 

79.0t 

741 

443 

■  461 

CO2  for  4  days  | 

SD 

1.14 

0.09 

0  00 

2.03 

0.64 

7.3 

156 

15.6 

14.9 

1 

1 

N 

4 

2 

2 

4 

2 

2 

4 

2 

‘  2 

Recovery  period  on 

Mean 

6.35 

6.51 

6. 58 

8.6 

15.5 

26.3 

528 

68S 

436 

air  following  COj 

SD 

0.14' 

0.44 

0,02’ 

4.5  j 

5.1 

4.1 

99 

35.8 

17.7 

exposure  3  days 

N 

4 

2 

2 

4 

2 

2 

4 

2 

2 

*  Adapted  from  Poinluer." 

t  Na  salt  (Sepdeien  7)  and  potassium  salt. 

t  Values  significantly  dilTerent  from  control  values  at  the  5  per  cent  level  and  lietter. 

§  Values  significantly  different  from  control  values  at  ihe  1  per  cent  level  and  belter, 

combined  with  the  results  of  an  experiment  in  which  no  medication  was  used. 
Table  2  gives  some  information  about  the  retention  of  electrolytes  based  on 
the  difference  between  intake  and  urinary  excretion.  Unfortunately  no  meas¬ 
urements  of  electrolytes  in  feces  were  made,  consequently  no  complete  balance 
could  be  established.* 

The  sodium  salt  Sepdeien  7  normally  has  diuretic  effects  that  were  not 
present  under  conditions  of  CO2  exposure  in  which  a  water  retention  was  found 
(table  1).  There  was  an  increased  chloride  and  potassium  c.xcretion  under 
CO2  exposure,  but  no  significant  change  in  sodium  excretion.  Alkalinizing 
effects  (if  sodium  salt  medication  were  .shown  in  an  increa.se  of  pH.  and  the  CO-> 
excretion  of  tlic  urine  and  a  decrease  of  the  ammonia  cxcrelion.  The  results 

*  'riic  poUissium  phosphorus  salt  consisted  of  two  thirds  ]K)tassium  carlxjnale  and  one 
third  iiotassiiim  biphosphatc;  the  sodium  salt  (Sepdeien  7)  consisted  of  22  per  cent  sodium 
citrate,  23  per  cent  soiiium  tartrate,  26  per  cent  sodium  sulphate,  2.5  |)cr  cent  secondary  sodium 
phosphate,  and  4  i>cr  cent  sodium  carbonate. 
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of  potassium  salt  medication  were  somewhat  similar  to  those  of  sodium  salt 
treatment.  I'he  normally  diuretic  effect  of  potassium  siilt  was  not  maintained 
during  C()-2  exposure.  Chloride  e.xcrction  was  reduced,  and  a  .slight  increase 
in  retention  of  potassium  and  sodium  was  noted.  The  alkaiinizing  effect  was 
demonstrated  in  the  increase  of  pH  and  CO2  in  the  urine,  as  well  as  in  the 
decrease  of  ammonia  excretion. 

The  CO2  dissociation  curves  of  whole  blood  were  taken  under  the  same 
experimental  conditions.  Venous  blood  was  equilibrated  with  30,  40,  and  50 


Effect  of  No  ond  K  soil  medieotion  on  CO2  Effect  of  No  ond  K  soil  medicotion  on  COj 

Dissociotion  curves  in  ctironic  respiratory  ocidosis  Oissociotion  curves  in  chronic  respirolory  ocidosis 


Figure  7(a).  Eflfect  of  alkaiinizing  agents  (Na  salt  and  K  salt)  on  COj  dissociation  curves 
in  chronic  respiratory  acidosis.  Key:  (1)  control;  (2)  4  days,  2  to  3.5  per  cent  COj ,  (2Na)  as 
in  2,  plus  medication  of  Na  salt,  10  gm.  daily;  (2K)  as  in  2,  plus  medication  of  K  salt,  10  gm. 
daily. 

(f>).  Effect  of  alkaiinizing  agents  (Na  salt  and  K  salt)  on  CO2  dissociation  curves  in  respi¬ 
ratory  acidosis.  Key:  (1)  control;  (2)  4  days  2  to  3.5  percent  CO2 ,  (3)  2  hours,  5.5  to  6.0  per 
cent  CO2 ,  following  exposure  to  2  to  3.5  per  cent  COj  for  4  days  (1  to  3, 4  subjects) ;  (3  Na)  as 
in  3,  plus  medication  of  Na  salt,  10  gm.  daily;  (3K)  as  in  3,  plus  medication  of  K  salt,  10  gm. 
daily  (3  Na  and  3  K,  2  subjects).  (Adapted  from  Pointner.“) 

mm.  Hg  CO2  tension  in  tonometers  at  37°  C.  The  results  are  shown  in  pigures 
7a  and  b.  The  well-known  increase  in  the  buffer  capacity  of  blood  in  chronic 
respiratory  acidosis  is  demonstrated  in  the  elevation  of  the  CO2  dissociation 
curves  (No.  2,  figures  7a  and  b).  Medication  of  Na  salt  or  K  salt  did  not 
produce  a  further  rise  in  the  CO2  dissociation  curves  after  5  days  of  exposure 
to  2  to  3.5  per  cent  CO2  (figure  7a).  However,  the  subjects  who  had  received 
buffer  salts  appeared  to  be  more  resistant  to  a  2-hour  exposure  of  5.5  to  6.0 
per  cent  CO2 ,  following  prolonged  exposure  to  2  to  3.5  per  cent  C02  for  5 
days.  Under  these  conditions,  a  fall  of  the  CO2  dissociation  curves  occurs 
(No.  3,  FIGURE  7b)  that  is  completely  prevented  by  K  salt  treatment  and 
reduced  by  Na  salt  medication  (No.  3  K  and  3  Na,  figure  7b). 

Furthermore  beneficial  effects,  particularly  of  potassium  buffer  salts,  were 
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noted  in  the  alleviation  of  symptoms  (such  as  headaches,  restlessness,  and  flights 
of  thought)  that  developed  during  the  initial  phase  commensurate  with  the 
uncompensated  respiratory  acidosis.  However,  sym|homs  associated  with 
the  second  )>hase  (comjMtnsatecl  respiratory  acidosis'-),  such  as  a  general  depres¬ 
sion  and  apathy,  did  not  seem  to  he  relieved  hy  poliissium  sail  mediealion. 

The.se  findings,  under  conditions  of  a  moderate  chronic  re.spiratory  acidosis 
induced  by  a  4-day  exposure  to  2  to  3.5  per  cent  CO2 ,  indicate  that  oral  medica¬ 
tion  of  alkali  salts  does  not  raise  the  bicarbonate  CO2  level  in  the  blood  above 
a  value  reached  by  acid-base  regulating  mechanisms  alone.  Additional  alka,li, 
however,  must  be  stored  in  tissues  and  made  available  during  an  acute  exposure 
to  a  higher  CO2  concentration  of  5.5  to  6  per  cent  CO2  following  chronic  expo¬ 
sure  to  2  to  3.5  per  cent  CO2  •  This  interpretation  is  in  line  with  the  findings 
of  Swan  el  who  demonstrated  in  nephrectomized  dogs  that  74  per  cent  of 
the  infused  bicarbonate  was  buffered  from  the  tissues.  The  beneficial  effects 
of  these  drugs  in  alleviating  symptoms  associated  with  the  acute  phase  of 
respiratory  acidosis  are  probably  related  to  a  more  rapid  restoration  of  the 
blood  pa  to  normal.  Compensation  of  the  /)H  is  accomplished  without  drugs 
within  3  days  during  exposure  to  3  per  cent  C02  Symptoms  persisting 
during  the  chronic  compensated  phase  of  respiratory  acidosis  due  to  increased 
^C02  are  apparently  not  influenced  by  oral  alkali  medications. 

Discussion  and  Conclusions 

In  the  described  experiment  with  1.5  per  cent  CO2  a  combination  of  respira¬ 
tory  and  metabolic  processes  occur.  A  plot  of  the  obtained  and  bicar¬ 
bonate  data  shows  that  the  values  lie  above  the  normal  buffer  line,  indicating 
a  combination  of  respiratory  acidosis  with  a  metabolic  alkalosis,  the  latter 
due  to  renal  compensation. 

The  question  also  might  be  raised  whether  a  potassium  deficiency  develops 
during  the  compensated  phase  of  respiratory  acidosis  secondary  to  an  increased 
HCO7  excretion.  If  this  had  been  the  case,  a  decrease  in  the  plasma  K  level 
should  have  developed  during  the  18-day  period  of  exposure  in  which  the  HCO3 
excretion  was  markedly  increased.  However,  the  venous  plasma  potassium 
level  showed  no  significant  decrease. 

Data  on  blood  and  ^C02  homeostasis  in  chronic  respiratory  acidosis 
induced  by  prolonged  exposure  to  1.5  per  cent  C02  were  shown  to  be  related 
to  specific  changes  in  physiological  functions.  The  significance  of  these  estab¬ 
lished  relationships  depends  to  a  certain  extent  on  whether  changes  in  blood 
pa  produce  corresponding  changes  in  intracellular  pa  of  tissues  under  these 
conditions,  as  is  generally  assumed,  since  no  direct  measurements  on  intra¬ 
cellular  were  obtained.  There  is  evidence  from  studies  on  isolated  tissues 
such  as  muscle  that  the  intracellular  pa  is  influenced  very  little  by  changes 
in  the  blood  produced  in  acute  experiments  but  is  affected  to  a  greater  extent 
by  changes  in  carbon  dioxide  tension  of  blood.^^ 

These  findings  obtained  with  the  DM0  method  are  in  agreement  with  others 
based  on  the  CO2  method  of  measuring  intracellular  E.  D.  Robin 

(elsewhere  in  these  pages),  using  the  DM0  method  for  the  determination  of 
whole  body  intracellular  pa  determination  in  acute  experiments  with  dogs. 
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steroid  excretion,  An  effect  of  increased  ^COo  tension  hardly  could  be  in¬ 
fluenced  by  amine  therapy  unless  'I'HAM  absorbs  some  metabolic  products  that 
do  not  affect  the  acidity  of  the  blood  but  are  produced  by  the  increased  ("0» 
level. 

The  astonishingly  long  time  j>eriods  re<]uii'ed  for  acclimatization  and  deac- 
climatization  to  such  low  CO2  concentrations  as  1.5  i)er  cent  expressed, 
for  e.xampSe,  in  the  persisting  change  in  respiratory  pattern  and  altered  calcium 
metabolism*^  suggest  that  some  kind  of  pathophysiological  state  might  develop 
under  these  conditions.  The  results  of  animal  experiments  that  showed  an 
increase  in  kidney  calcification  of  guinea  pigs  exposed  to  1.5  per  cent  CO2  for 
periods  of  from  40  to  93  days  seem  to  sui)port  this  concept.’*  It  seems  doubt¬ 
ful,  therefore,  whether  long  continued  adaptation  to  slightly  increased  pCO^ 
levels  can  be  accomplished  without  altering  normal  physiological  processes. 
This  consideration  has  led  to  the  formulation  of  a  triple  tolerance  concept  for 
chronic  CO2  to.xicity,’®  which  is  expressed  in  figure  8  together  with  a  time 
concentration  curve  for  adaptation  to  CO2 .  Time  for  adaptation  is  defined 
as  the  time  to  reach  a  compensation  of  the  respiratory  acidosis  induced  by 
carbon  dioxide  inhalation.  Determinations  of  pH,  CO2 ,  bicarbonate  levels, 
and  electrolytes  in  blood  and  urine  were  used  for  estimations  of  the  two  phases 
in  respiratory  acidosis.  The  three  levels  of  acidosis  used  for  tolerance  limits 
are  listed  in  figure  8.  The  level  at  which  no  significant  physiological,  psy¬ 
chological,  and  adaptation  chang&s  probably  occur  is  estimated  to  be  0.5  to 
0.8  per  cent  carbon  dioxide  in  the  inspired  air. 
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